Introduction {#sec1-1}
============

Acute spinal cord injury (SCI) is characterized by hemorrhage, and the release of glutamate, reactive oxygen species, and inflammatory cells (Liu et al., 1999; Fleming et al., 2006). This creates a toxic microenvironment for neurons in the area surrounding the lesion epicenter. During chronic SCI, scar-forming reactive astrocytes express high levels of glial fibrillary acidic protein (GFAP) at the lesion area in the ever-changing microenvironment (Eng and Ghirnikar, 1994). This creates an impenetrable barrier for viable neurons and axons to recover (Fitch and Silver, 2008). Furthermore, there is an influx in exogenous macrophages at the lesion site as well as activation of microglia into a phagocytic phenotype (Fitch and Silver, 2008; Neumann et al., 2009). In a normal spinal cord, non-activated microglia exhibit ramified, long and thin processes. However, during an insult, microglia become activated and go through morphological changes such as shorter and thicker processes as well as amoeboid-like appearance (Ayoub and Salm, 2003). Activated microglia and reactive astrocytes both contribute to the neuroinflammatory response of the SCI (Streit et al., 2004). However, completely removing the glial and immune response can be detrimental to the injured spinal cord since reactive astrocytes, activated microglia and macrophages can release cytokines that promote tissue repair and axonal recovery (Fleming et al., 2006; do Carmo Cunha et al., 2007; Karimi-Abdolrezaee and Billakanti, 2012).

Neural stem cells exist in the dentate gyrus of the hippocampus and subventricular zone of the lateral ventricles of the human brain (Eriksson et al., 1998; Taupin and Gage, 2002). It has now been established that neural progenitor cells (NPCs) also exist in the ependymal regions of the human spinal cord and in different regions of the brain such as the third ventricle (Ming and Song, 2005; Xu et al., 2005; Meletis et al., 2008; Migaud et al., 2010). During non-pathological conditions, ependymal cells proliferate slowly (Blasko et al., 2012) but after SCI, ependymal cells undergo proliferation and differentiation and up-regulate an intermediate protein called nestin (Shibuya et al., 2002; Meletis et al., 2008; Cizkova et al., 2009; Hamilton et al., 2009; Barnabe-Heider et al., 2010; Foret et al., 2010; Mao et al., 2016a). It may be possible that the manipulation of these NPCs and modulation of the microenvironment during the early stages of a SCI might promote neuronal differentiation and functional recovery.

Although mechanical trauma to a spinal cord may be localized, the cellular response can be quite widespread. We have found that there is an extensive activation of nestin positive cells throughout the human spinal cord in response to traumatic central nervous system (CNS) injury (Cawsey et al., 2015). In cases of a brain impact, or a high cervical SCI, cells as far away as the lumbar spinal cord reacted by expressing nestin. The nestin positive cells in the spinal cord exhibited long basal processes that extended from the central canal to the parenchyma (Rafols and Goshgarian, 1985). Morphologically, these were very similar to nestin positive cells lining the third ventricle, which have reported to have neuroendocrine properties (Rodriguez et al., 2005; Xu et al., 2005). We were interested to see the caudal and rostral extent of the cellular response to a localized SCI. Therefore, in this study, we investigated the response of NPCs, astrocytes, microglia and macrophages at different levels of the neuroaxis in response to a vertebral T10 contusion injury in a rat model.

Materials and Methods {#sec1-2}
=====================

Animals {#sec2-1}
-------

Twenty-five adult Sprague-Dawley female rats weighing 250--300 g were obtained from the Animal Resource Center (Perth, WA, Australia). Rats were housed in groups of 4 in large cages with *ad libitum* food and water with a 12-hour dark light cycle except immediately following injury and during the post-operative care period when they were housed individually. All animals were provided with environmental enrichment as part of the standard housing conditions. Animals were randomly assigned to one of three groups: normal (*n* = 8), sham surgery (*n* = 8) and mild contusion SCI (SCI; *n* = 9). The least number of animals in each group was provided for statistical significance. Female rats were used in this study for consistency according to previous studies (Mao et al., 2016a; Sutherland et al., 2017). We did not control for hormonal fluctuations within the cohort although females have been reported to recover better than males overall (Chan et al., 2013). All surgical procedures were conducted strictly under the guidelines described by the National Health and Medical Research Council code of conduct for animals and with the approval of the institutional Animal Care and Ethics Committee (UTS ACEC13-0069).

Surgical procedure {#sec2-2}
------------------

The full protocol of the surgical procedure was prepared according to a previous study (Gorrie et al., 2010). A mild contusion SCI was performed at vertebral level T10 in the SCI group. Rats in the sham surgery group underwent all aspects of the surgery except for contusion thoracic injury. Rats were anesthetized using a combination of 4% isoflurane (Veterinary Companies of Australia, Blacktown, NSW, Australia) and 1 L/min oxygen in an induction chamber and maintained at 2% isoflurane. Cephalothin sodium (DBLTM, Pfizer, NSW, Australia; 33 mg/kg, subcutaneous (s.c.)), Buprenorphine hydrochloride -- Temgesic (Reckitt Benchkiser Healthcare, Berkshire, UK; 0.03 mg/kg, s.c.) and Hartman\'s replacement solution (AHB2323, Baxter, Old Toongabbie, NSW, Australia; 0.015 mL/g, s.c.) were given prior to surgery. The area for incision was shaved and sterilized with betadine (Betadine, QLD, Australia). Rats were placed on a heat mat to maintain a rectal temperature of 37°C. A 2 cm incision was made at the midline of the thoracic region of the back. The T10 vertebra was exposed by blunt dissection of the connective tissue and muscle. T10 laminectomy was performed to expose the spinal cord before the rat was subjected to a mild contusion injury using the New York University Multicenter Animal SCI Study (MASCIS) Impactor (Basso et al., 1996) (National Institute of Health, NY, USA). SCI was induced by dropping a 10 g weight from 6.25 mm height with an impact head diameter of 2.5 mm. Parameters of the SCI including the spinal compression (mm), impact velocity (m/s) and impact time were recorded using the New York University MASCIS impactor software. The compression rate was calculated as the ratio of cord compression depth over time to ensure each SCI was consistent for each rat (Basso et al., 1996). The wound was closed in layers using an absorbable monocryl suture (Y496G, Johnson and Johnson, New Jersey, USA). Post-operative care included the administration of Cephalothin sodium (DBLTM, Pfizer; 33 mg/kg, s.c.), Buprenorphine hydrochloride -- Temgesic (Reckitt Benchkiser Healthcare; 0.03 mg/kg, s.c.), and Hartman\'s replacement solution (AHB2323, Baxter; 0.015 mL/g, s.c.) and manual expression of the bladder twice daily for 3 days. Manual expression of the bladder continued until normal voiding responses return.

Animal euthanasia and histological tissue preparation {#sec2-3}
-----------------------------------------------------

At 24 hours post-injury, rats were euthanized using Lethabarb euthanasia injection (Virbac, Milperra, NSW, Australia; 0.001 mL/g, i.p.). Animals then underwent cardiac perfusion with cold saline followed by 4% paraformaldehyde (P6148, Sigma-Aldrich, St Louis, MO, USA). Brain and spinal cords were dissected out and post-fixed in 4% paraformaldehyde before cryoprotection in 30% sucrose solution. All tissue from each group was processed blindly except the tissue that had an obvious injury in the thoracic region. The macroscopic appearance of the injured cord showed hemorrhage and bruising (figure not shown). The injury extended approximately 2.25 mm away from the point of impact (epicenter) creating an oval-shaped lesion site. Coronal sections of the spinal cord including the cervical enlargement, three regions of the injury site at the thoracic segment and the lumbar enlargement were cut (15 μm thick) using a cryostat (CM1950, Leica Biosystems, VIC, Australia). One region of the brain at the level of the third ventricle was identified using Paxinos Rat Brain Atlas (Paxinos G., 1996). Coronal sections of the brains were cut (15 μm thick) using a cryostat. One section from each level of the neuroaxis was routinely stained with Mayer\'s hematoxylin (FNNII008, Fronine, Riverstone, NSW, Australia) and 1% alcoholic eosin (II016, Fronine, Riverstone, NSW, Australia) to assist in lesion identification and morphology observation.

Immunohistochemistry {#sec2-4}
--------------------

Co-labeling of nestin and GFAP was performed to determine the immunoreactivity of NPCs and astrocytes respectively. All slides were immersed in 0.1 M phosphate buffer with saline (pH 7.4) with 0.1% (v/v) Tween 20 (PBST) for 10 minutes before a blocking agent of 5% normal goat serum (NGS) (G9023, Sigma-Aldrich, St. Louis, MO, USA) was applied for 30 minutes. Primary antibodies that were used for NPCs and astrocytes are mouse anti-nestin antibody (Abcam, Cambridge, UK; 1:200) and polyclonal rabbit anti-GFAP antibody (Dako, Glostrup, Denmark; 1:1,000). Double labeling of rabbit anti-IBA1 antibody (Abcam; 1:500) for microglia, and mouse anti-ED1 antibody (Serotec, Puchheim, Germany; 1:500) for macrophages was performed. Antibodies were diluted in phosphate buffer with saline (PBS) with 0.05% NGS and applied onto each slide before being incubated overnight at 4°C. Slides were then rinsed in PBST before a cocktail of AlexaFluor-488 anti-rabbit antibody (Invitrogen, Carlsbad, CA, USA; 1:200) and AlexaFluor-568 anti-mouse antibody (Invitrogen; 1:200) was applied onto slides treated with anti-nestin and anti-GFAP antibodies. AlexaFluor-568 anti-rabbit antibody (Invitrogen; 1:200) and AlexaFluor-488 anti-mouse antibody (Invitrogen; 1:200) were applied onto slides treated with anti-IBA1 and anti-ED1 antibodies. All slides were incubated for 2 hours at room temperature. After another rinse in PBST, a counterstain of Hoechst solution (33342, Invitrogen; 1:5,000) was applied for 10 minutes to stain the nuclei. Slides were rinsed with PBST once more before cover-slipping using an mounting medium (S3023, Dako, Glostrup, Denmark). Negative controls had the primary antibody omitted and brain sections contained internal positive controls.

Image analysis {#sec2-5}
--------------

High power images of nestin, GFAP, microglia and macrophage immunohistochemistry were taken using the cellSens controller and manager program on the Olympus BX-51 Upright Fluorescence Microscope Phase (Olympus, Toyko, Japan). Six sections of the neuroaxis that were investigated which included the third ventricle of the brain, cervical enlargement, thoracic segment (rostral, central and caudal to the epicenter) and the lumbar enlargement of the spinal cord as shown in **[Figure 1A](#F1){ref-type="fig"}**. Regions of interest being investigated at the third ventricle are the alpha region, dorsal region, ventral region, and the median eminence (**[Figure 1B](#F1){ref-type="fig"}**). Regions of interest being investigated in the injured spinal cord included the central canal, lesion center, lesion edge, ventral grey matter, and ventral white matter (**[Figure 1D](#F1){ref-type="fig"}**). An equivalent area was chosen to compare the lesion center and lesion edge in the injured group. This area included the posterior median septum (lesion center) and dorsal grey matter (lesion edge) as shown in **Figure [1C](#F1){ref-type="fig"}** & **[D](#F1){ref-type="fig"}**. The lesion center and lesion edge were determined from the hematoxylin and eosin stained sections, as the area with necrotic cells, hemorrhage and cellular debris.

![A schematic of different regions of the neuroaxis being investigated in thoracic spinal cord injury rats.\
(A) The levels of the neuroaxis being investigated include: (1) the third ventricle, (2) cervical enlargement, (3) thoracic region 2.25 mm rostral to the epicenter, (4) thoracic region at the epicenter, (5) thoracic region 2.25 mm caudal to the epicenter and (6) lumbar enlargement. (B) Regions of the third ventricle include: (1) alpha region, (2) dorsal region, (3) ventral region, and (4) median eminence. Areas of the (C) normal and (D) injured spinal cord being investigated include (1, 6) central canal, (2) posterior median septum, (3) dorsal grey matter, (4, 9) ventral grey matter, (5, 10) ventral white matter, (7) lesion center and (8) lesion edge in spinal cord injury only.](NRR-12-1885-g001){#F1}

Nestin and GFAP immunohistochemistry of each section was quantified using the mean gray scale value of each region of interest after the section had been black balanced to normalize any variance in background staining intensity between sections.

IBA1 and ED1 double-labeled sections were analyzed by manual cell counts of each area of the neuroaxis. This was not stereotaxic counts of each segment of the neuroaxis. Four subsets of microglia and macrophages were identified and determined by double-labeling and morphological appearances: IBA^+^/ED1^--^ ramified microglia which have thin and long processes with a small cell soma (**[Figure 2A](#F2){ref-type="fig"}**), IBA^+^/ED1^--^ activated microglia which have either shorter processes or have an amoeboid-like appearance (**[Figure 2B](#F2){ref-type="fig"}**), IBA^+^/ED1^+^ phagocytic microglia/macrophages which have an amoeboid appearance (**[Figure 2C](#F2){ref-type="fig"}**), and IBA--/ED1^+^ exogenous macrophages which have an amoeboid appearance (**[Figure 2D](#F2){ref-type="fig"}**).

![Immunohistochemical images of the four subsets of microglia/macrophages being investigated in thoracic spinal cord injury rats.\
(A) IBA1^+^/ED1^--^ ramified microglia: long and thin processes extending to the parenchyma with a small cell soma (asterisk). (B) IBA1^+^/ED1^--^ activated microglia: exhibit two morphological appearances; short and thicker processes with a large cell soma (arrow head) or amoeboid-like appearance (open arrow head). (C) IBA1^+^/ED1^+^ activated microglia/macrophage: amoeboid-like appearance with very few, if any, processes (arrow). (D) IBA1^--^/ED1^+^ macrophages: amoeboid appearance with a large cell soma (open arrow). Scale bars: 10 μm.](NRR-12-1885-g002){#F2}

Statistical analysis {#sec2-6}
--------------------

All data presented are shown as the mean ± SD in each experimental group. Occasional sections were excluded in the analysis because of disruptive tissue due to the injury and this is reflected in the statistical analysis for quantification. For quantification of nestin and GFAP immunohistochemistry, images were converted to grayscale using ImageJ software (National Institutes of Health, NY, USA) and the mean gray scale value was calculated. A combination of one-way analysis of variance (ANOVA) and Bonferroni *post-hoc* test was used for statistical analysis of the mean gray scale value of nestin and GFAP. For IBA1 and ED1 statistical analysis, a combination of two-way ANOVA and Bonferroni *post-hoc* test was used. All statistical analyses were done using Graphpad Prism software version 6 (Graphpad software Incorporated, San Diego, CA, USA). A *P* value of \< 0.05 was considered to be statistically significant.

Results {#sec1-3}
=======

Surgical procedures {#sec2-7}
-------------------

All surgical procedures were completed without any unexpected adverse events. The mean compression rate for the SCI group was 0.291 ± 0.027 ms2. All rats recovered from surgery well and showed signs of impaired hind limb locomotor function consistent with the injury. None of the control rats showed any evidence of injury or impaired locomotor function.

Nestin positive cells throughout the neuroaxis after injury {#sec2-8}
-----------------------------------------------------------

Baseline nestin staining in the normal and sham surgery groups was seen in the ependymal layer of the third ventricle (**Figure [3A](#F3){ref-type="fig"}**, **[G](#F3){ref-type="fig"}** & **[M](#F3){ref-type="fig"}**). Occasional nestin positive cells were also seen in endothelial cells (Mokry et al., 2008) and quiescent ependymal cells (Lendahl et al., 1990) in the spinal cord (**Figure [3B](#F3){ref-type="fig"}**--**[F](#F3){ref-type="fig"}**, **[H](#F3){ref-type="fig"}**--**[L](#F3){ref-type="fig"}**). The highest amount of nestin staining was seen in the median eminence, followed by the ventral and dorsal regions of the third ventricle. However, there was no significant difference in nestin staining between the SCI group and the normal and sham surgery groups (**[Figure 4A](#F4){ref-type="fig"}**). Nestin staining was increased at the central canal of all spinal cord levels after thoracic SCI (**Figure [3N](#F3){ref-type="fig"}**--**[R](#F3){ref-type="fig"}**). Nestin positive cells had long basal processes that extended into the parenchyma of the spinal cord. It was difficult to distinguish whether the nestin positive cells were located entirely in the ependymal layer or in the subependymal layer so we did not attempt to separate the two locations.

![Immunohistochemical images of nestin reactivity in the ependymal layer in thoracic spinal cord injury (SCI) rats.\
(A, G & M) Nestin reactivity (red) was highest at the third ventricle throughout the normal, sham surgery and SCI groups. (N--R) High nestin immunoreactivity was found at all regions of the spinal cord at the central canal in the SCI group compared to the normal (B--F) and sham surgery groups (H--L). For the non-injured cords, equivalent anatomical areas to the injury sites (posterior median septum and dorsal grey matter) were used instead of the lesion center and lesion edge respectively to compare nestin reactivity in each group. Hoechst 33342 solution was used as a counterstain for nuclei (blue). Scale bars: 25 μm. Arrowheads point to nestin positive cells.](NRR-12-1885-g003){#F3}

In all levels of the spinal cord, nestin reactivity increased in the ependymal cells of the central canal but not at the lesion center, lesion edge, ventral grey matter or ventral white matter (**Figure [4B](#F4){ref-type="fig"}**--**[F](#F4){ref-type="fig"}**). Nestin staining intensity was significantly increased in the injured cords at the central canal in both normal and sham-operated cords in the cervical enlargement (ANOVA, F(2,22) = 16.87, *P* \< 0.0001; **[Figure 4B](#F4){ref-type="fig"}**), rostral to the thoracic epicenter (ANOVA, F(2,22) = 6.169, *P* \< 0.0075; **[Figure 4C](#F4){ref-type="fig"}**), at the epicenter (ANOVA, F(2,19) = 19.37, *P* \< 0.0001; **[Figure 4D](#F4){ref-type="fig"}**), caudal to the epicenter (ANOVA, F(2,21) = 9.347, *P* \< 0.0012; **[Figure 4E](#F4){ref-type="fig"}**) and in the lumbar enlargement (ANOVA, F(2,22) = 11.59, *P* \< 0.0004; **[Figure 4F](#F4){ref-type="fig"}**).

![Graphs showing nestin and glial fibrillary acidic protein (GFAP) staining intensity of immunohistochemistry images throughout the neuroaxis in thoracic spinal cord injury rats.\
(A) Mean gray scale value (GSV) of nestin staining intensity shows no significant difference at the third ventricle. (B--F) In the injury group, the mean GSV of nestin staining intensity was high at the central canal (CC) at all vertebral levels. (J) Mean GSV of GFAP staining intensity was increased in several locations at the epicenter of the lesion site. (K) Mean GSV was slightly increased in GFAP staining at the central canal 2.25 mm caudal to the epicenter. (G--I) No significant difference was found at any regions of the third ventricle, the cervical enlargement and 2.25 mm rostral to the epicenter. (L) No significant difference in GFAP staining was found at the lumbar enlargement. For the normal and sham-operated spinal cords, the posterior median septum (PMS) and dorsal grey matter (DGM) were used to compare nestin and GFAP staining intensity in the SCI group at the lesion center (LC) and lesion edge (LE) respectively. Bonferroni *post-hoc* test was used to determine significant differences in nestin and GFAP staining intensity. Error bars represent standard deviation (\*\**P* \< 0.01, \*\*\**P* \< 0.001, \*\*\*\**P* \< 0.0001).](NRR-12-1885-g004){#F4}

GFAP positive cells throughout the neuroaxis after injury {#sec2-9}
---------------------------------------------------------

In the spinal cord, GFAP staining was seen in single astrocytes scattered throughout the white and grey matter. After injury there can be an increase in astrocyte number as well as a change in morphology with individual astrocytes producing thicker processes and having a more ramified appearance (Sun and Jakobs, 2012). Together, this results in an increase in GFAP staining intensity. Baseline GFAP immunoreactivity at the third ventricle (**Figure [5A](#F5){ref-type="fig"}**, **[G](#F5){ref-type="fig"}** & **[M](#F5){ref-type="fig"}**) existed in both the ependymal cells and their processes and in the surrounding astrocytes in the parenchyma. No significant difference existed at the third ventricle, cervical enlargement, thoracic segment rostral to the epicenter and the lumbar enlargement in the injury group compared to the normal and sham groups (**Figure [5M](#F5){ref-type="fig"}**--**[O](#F5){ref-type="fig"}**, **[Q](#F5){ref-type="fig"}** & **[R](#F5){ref-type="fig"}**).

![Immunohistochemical images of glial fibrillary acidic protein (GFAP) at the lesion edge of thoracic spinal cord injury (SCI) rats.\
(A, G & M) High GFAP reactivity (green) at the third ventricle was present in the normal, sham surgery and SCI groups. (P) High GFAP immunoreactivity was only found at the epicenter of the thoracic segment of the injured spinal cord. GFAP positive cells at the epicenter showed thicker processes and higher GFAP staining intensity (arrowheads). Low GFAP immunoreactivity was detected in all spinal regions of the normal (B--F) and sham surgery (H--L) groups. Low GFAP immunoreactivity was also seen in distal regions of the SCI group (N, O, Q & R). For the non-injured spinal cords, equivalent anatomical areas to the injury sites (posterior median septum and dorsal grey matter) were used instead of the lesion center and lesion edge respectively to compare GFAP reactivity in each group. Hoechst 33342 solution was used as a counterstain for nuclei (blue). Scale bars: 25 μm.](NRR-12-1885-g005){#F5}

GFAP staining intensity appears to be increased at the lesion edge of the epicenter (**[Figure 5P](#F5){ref-type="fig"}**). At the thoracic epicenter, there was an increase in GFAP staining intensity at the central canal (ANOVA, *F*(2,15) = 13.62, *P* \< 0.0004), the lesion edge (ANOVA, *F*(2,22) = 38.29, *P* \< 0.0001) and the ventral grey matter (ANOVA, *F*(2,17) = 4.503, *P* \< 0.0001) (**[Figure 4J](#F4){ref-type="fig"}**) in the injured group compared to the normal and sham groups. Caudal to the thoracic epicenter, GFAP was significantly decreased at the lesion center (ANOVA, *F*(2,17) = 4.503, *P* \< 0.05, **[Figure 4K](#F4){ref-type="fig"}**) in the injured group compared to the normal group. No significant differences were found in the regions of the third ventricle, cervical, and lumbar segments (**Figure [4G](#F4){ref-type="fig"}**, **[H](#F4){ref-type="fig"}** & **[L](#F4){ref-type="fig"}**) or at the thoracic segment rostral to the epicenter (**[Figure 4I](#F4){ref-type="fig"}**). In all 3 groups, the ventral white matter showed the highest level of GFAP immunoreactivity throughout the spinal cord but there were no significant difference between groups.

Macrophages and microglia throughout the neuroaxis after injury {#sec2-10}
---------------------------------------------------------------

In the CNS, there is a normal distribution of ramified microglia in the third ventricle (**[Figure 6A](#F6){ref-type="fig"}**) and spinal cord (**Figure [6B](#F6){ref-type="fig"}**--**[F](#F6){ref-type="fig"}**). In the SCI group, there was a morphological change in IBA1^+^/ED1^--^ cells, switching from long processes to shorter processes and a larger cell soma (**[Figure 6R](#F6){ref-type="fig"}**). At the epicenter of the injury site, IBA1^+^/ED1^+^ and IBA1--/ED1^+^ cells were present in high numbers with amoeboid-like appearance (**[Figure 6P](#F6){ref-type="fig"}**). There was a significant decrease in IBA1^+^/ED1^--^ ramified microglia at the thoracic segment rostral to the epicenter (ANOVA, *F*(2,87) = 126.6, *P* \< 0.0001; **[Figure 7C](#F7){ref-type="fig"}**), at the epicenter (ANOVA, *F*(2,90) = 169.9, *P* \< 0.0001; **[Figure 7D](#F7){ref-type="fig"}**), caudal to the epicenter (ANOVA, *F*(2,88) = 126.6, *P* \< 0.0001; **[Figure 7E](#F7){ref-type="fig"}**) and in the lumber segment (ANOVA, *F*(2,82) =101.5, *P* \< 0.0001; **[Figure 7F](#F7){ref-type="fig"}**). No significant difference was found at the third ventricle and cervical segment (**Figure [7A](#F7){ref-type="fig"}** & **[B](#F7){ref-type="fig"}**). In contrast, activated microglia (IBA1^+^/ED1^+^) were significantly increased at the cervical segment (ANOVA, *F*(2,101) = 8.151, *P* \< 0.0001; **[Figure 7H](#F7){ref-type="fig"}**), the thoracic segment rostral to the epicenter (ANOVA, *F*(2,93) =151.6, *P* \< 0.0001; **[Figure 7I](#F7){ref-type="fig"}**), at the epicenter (ANOVA, *F*(2,97) = 52.11, *P* \< 0.0001; **[Figure 7J](#F7){ref-type="fig"}**), caudal to the epicenter (ANOVA, *F*(2,97) = 82.27, *P* \< 0.0001; **[Figure 7K](#F7){ref-type="fig"}**) and in the lumber segment (ANOVA, *F*(2,94) = 90.83, *P* \< 0.0001; **[Figure 7L](#F7){ref-type="fig"}**). No significant difference was found at the third ventricle in the brain (**[Figure 7G](#F7){ref-type="fig"}**).

![Immunohistochemical images of IBA1 reactivity (red) and ED1 (green) at the lesion edge in thoracic spinal cord injury (SCI) rats.\
Four subsets of microglia/macrophages were identified throughout the neuroaxis; IBA1^+^/ED1^--^ ramified microglia (irregular pentagons), IBA1^+^/ED1^--^ activated microglia (asterisks), IBA1^+^/ED1^+^ phagocytic microglia/macrophages (arrows) and IBA1^--^/ED1^+^macrophages (arrowheads). IBA1^+^/ED1^--^ ramified microglia with long and thin processes were mainly found throughout the neuroaxis of the normal and sham surgery groups (A--L). IBA1^+^/ED1^--^ ramified microglia were also seen in the injured neuroaxis at the median eminence, cervical enlargement and lumber enlargement (M, N, R). IBA1^+^/ED1^--^ activated/phagocytic microglia with either short, thick processes or amoeboid-like appearance were found at the injury site (O--Q). IBA1^+^/ED1^+^ phagocytic microglia/macrophages with amoeboid-like appearance were found at the injury site and highest at the epicenter (O--Q). IBA1^--^/ED1^+^ macrophages were found at the injury site and highest at the epicenter (O--Q). Hoechst solution was used as a counterstain for nuclei (blue). Scale bars: 25 μm.](NRR-12-1885-g006){#F6}

![Cell counts of IBA1^+^/ED1^--^ ramified microglia, IBA1^+^/ED1^--^ activated/phagocytic microglia, IBA1^+^/ED1^+^ phagocytic microglia/macrophages and IBA1^--^/ED1^+^ macrophages.\
(A, B) IBA1^+^/ED1^--^ ramified microglia cell counts at the third ventricle and the cervical enlargement. (C--F) Significant difference was found in IBA1^+^/ED1^--^ ramified microglia cell counts at all regions of the injured spinal segments compared to the normal and sham surgery groups. (G) No IBA1^+^/ED1^--^ activated microglia were found at the third ventricle of the neuroaxis. (H--L) Significant difference in IBA1^+^/ED1^--^ activated microglia was found throughout the injured spinal segments in the SCI group compared to the normal and sham surgery groups. (M, N, R) No significant difference in IBA1^+^/ED1^+^ phagocytic microglia/macrophages was found at the third ventricle, cervical enlargement and lumbar enlargement. (O--Q) IBA1^+^/ED1^+^ phagocytic microglia/macrophages cell counts were significantly increased at the lesion site in the SCI group compared to the normal and sham surgery groups. (S, T, X) No significant difference in IBA1^--^/ED1^+^ macrophage cell counts was found at the third ventricle, cervical enlargement and lumbar enlargement. (U--W) Cell counts of IBA1^--^/ED1^+^ macrophages were significantly higher at the lesion site in the SCI group compared to the normal and sham surgery groups. For the normal and sham-operated spinal cords, the posterior median septum (PMS) and dorsal grey matter (DGM) were used to compare IBA1 and ED1 staining intensity in the SCI group at the lesion center (LC) and lesion edge (LE) respectively. Bonferroni *post-hoc* test was used to determine significant differences in IBA1 and ED1 cell counts. Error bars represent standard deviation (\**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, \*\*\*\**P* \< 0.0001).](NRR-12-1885-g007){#F7}

During SCI, the innate immune system involves the activation of microglia into phagocytic phenotypes and the recruitment of macrophages (Streit et al., 2004; Greenhalgh and David, 2014; Zhou et al., 2014). From our results, there was a significant increase in IBA1^+^/ED1^+^ cells at the thoracic segment rostral to the epicenter (ANOVA, *F*(2,95) = 46.54, *P* \< 0.0001; **[Figure 7O](#F7){ref-type="fig"}**), at the epicenter (ANOVA, *F*(2,97) = 68.7, *P* \< 0.0001; **[Figure 7P](#F7){ref-type="fig"}**), and caudal to the epicenter (ANOVA, *F*(2,84) = 37.23, *P* \< 0.0001; **[Figure 7Q](#F7){ref-type="fig"}**). No significant difference was found beyond the lesion site (**Figure [7M](#F7){ref-type="fig"}**, **[N](#F7){ref-type="fig"}** & **[R](#F7){ref-type="fig"}**). Exogenous macrophages (IBA1--/ED1^+^) were significantly increased only at the thoracic segment rostral to the epicenter (ANOVA, *F*(2,94) = 30.75, *P* \< 0.0001; **[Figure 7U](#F7){ref-type="fig"}**), at the epicenter (ANOVA, *F*(2,94) = 85.16, *P* \< 0.0001; **[Figure 7V](#F7){ref-type="fig"}**), and caudal to the epicenter (ANOVA, *F*(2,94) = 56.32, *P* \< 0.0001; **[Figure 7W](#F7){ref-type="fig"}**). No significant difference was found beyond the lesion site (**Figure [7S](#F7){ref-type="fig"}**, **[T](#F7){ref-type="fig"}** & **[X](#F7){ref-type="fig"}**).

Discussion {#sec1-4}
==========

This study has shown that nestin immunoreactivity was increased 24 hours post-injury throughout the spinal cord but not in the third ventricle in response to a mild thoracic SCI. Activated microglia was also found in the lumbar segment of the injured spinal cord. In contrast, GFAP immunoreactivity and macrophage cell counts were found only at the thoracic regions indicating a localized response.

NPCs have been identified in the ependymal layer lining the central canal in the spinal cord (Meletis et al., 2008; Hamilton et al., 2009). They have been shown to proliferate and differentiate into astrocytes and oligodendrocytes following SCI (Ke et al., 2006; Meletis et al., 2008; Cizkova et al., 2009; Hamilton et al., 2009; Barnabe-Heider et al., 2010; Foret et al., 2010). However, these cells can be induced towards a neuronal lineage in culture using mitogens such as fibroblast growth factor-2 and epidermal growth factor (Tureyen et al., 2005), and when cells are subjected to gene manipulation *in vivo* (Schwindt et al., 2009). Moreover, Sox11, a neural development transcription factor, was introduced into mice using lentiviral vectors and has been shown to activate endogenous NPCs after SCI, promoting locomotor activity (Guo et al., 2014). This suggests that NPC manipulation may have the potential to assist in repair and recovery following SCI. This may occur by inducing cell replacement, stimulating differentiation into neurons or changing the microenvironment of the lesion site by reducing astrocyte differentiation, but these potential therapeutic strategies remain to be determined. In a previous study (Cawsey et al., 2015), we found increased nestin positive ependymal cells at all levels of the human spinal cord following CNS injury, indicating a widespread activation of NPCs. This has also previously been shown in a rat model of compression SCI (Takahashi et al., 2003). The nestin positive cells seen in the ventricular systems of the brain closely resemble tanycytes that have been previously described (Weiss et al., 1996; Prieto et al., 2000; Martens et al., 2002). In this location, there is extensive literature reporting the neuroendocrine function of these cells and their involvement with transmitting signal from the cerebrospinal fluid (CSF) to the portal veins and the hypothalamus (Rodriguez et al., 2005; Haan et al., 2013; Goodman and Hajihosseini, 2015). In the spinal cord, the basal processes of the nestin positive ependymal cells also extended to blood vessels and it is possible that they have a similar function in CSF signal transmission. However, these nestin positive cells in the spinal cord have also been shown to exhibit neural progenitor-like qualities where they can be isolated, proliferated and differentiated in culture (Shihabuddin, 2008; Decimo et al., 2011). The fact that nestin positive cells are responding along the length of the spinal cord suggests that they are reacting to signals within the CSF rather than local cues in the tissue itself. Studies have shown that cytokines like interleukin (IL)-6, growth regulated oncogene (equivalent to IL-8 in rodents), IL-8 and monocyte chemoattractant protein-1 are increased in the CSF of human patients (Kwon et al., 2010) and spinal cord tissue in rodent models (Stammers et al., 2012). These factors may well be upregulating the expression of nestin in the ependyma. We do not know whether this response may be part of a generalized immune response, or whether it relates to a signal for increased cell production in response to injury.

Astrocyte proliferation and migration following SCI can be explained as part of the repair process of the CNS. Our results have shown that astrocytes begin to activate in response to the injury at 24 hours at the lesion site. Overtime, activated astrocytes will continue to chemically and physically change at the lesion site and become incorporated into a glial scar which acts in part to seal off the injury site from pathogens and in part to attempt to repair the injury by laying down additional extracellular matrix such as chondroitin sulphate proteoglycan (Morgenstern et al., 2002; Gaudet and Popovich, 2014; Ohtake et al., 2016). The GFAP response at this early time point seems to indicate that astrocytes are only responding locally to the injury, yet GFAP levels in CSF are higher in more severely injured individuals 24 hours post SCI in humans (Kwon et al., 2017). GFAP levels were also increased in blood samples from severe SCI patients (Ahadi et al., 2015). Gwak and Hulsebosch have reported that there was GFAP immunoreactivity in the lumbar segment after a T13 SCI, however, the lumbar segments investigated were in closer proximity to the injury site hence showing a remote astrocytic response beyond the lesion site (Gwak and Hulsebosch, 2009).

This study was a relatively simple investigation of tissue sections using immunohistochemical methods. We have examined three spinal levels and one brain region at one early post-injury time point and have demonstrated a robust change in nestin expression in the spinal cord ependymal cells lining the central canal. It would be of great interest to compare the surface receptors on the nestin positive cells between the spinal cord and the third ventricle to identify sub-populations of cells. In addition, it will be critical to establish a direct link between inflammatory factors in CSF and a response by the ependymal cells, and this would best be conducted through *in vitro* experiments. The cross-talk between the endogenous nervous system cells and the inflammatory response is extensive and may have a significant effect on the behavior of cells in the secondary injury progression. Moreover, it would be interesting to investigate NPC reactivity throughout the neuroaxis within different age groups since nestin reactivity at the spinal cord has also been observed in both infants and juvenile rats at 24 hours post-SCI (Sutherland et al., 2017).

The innate immune response during a SCI results in an influx of macrophages flooding into the injury site. Activated microglia are also present at the injury site where they migrate towards the lesion, and release cytokines like IL-1α, IL-1β, IL-6, TNF-α and leukemia inhibitory factor that contribute to neuroinflammation (Pineau and Lacroix, 2007; Mortazavi et al., 2015). We have shown that microglia activation extended to the lumbar segment of the spinal cord during injury and exogenous macrophages were significantly increased at the lesion site. The response of activated microglia to a localized injury is similar to the response of NPCs; however, microglial activation was only seen in the lumbar enlargement. Detloff et al. (2008) reported similar results in microglial activation after a thoracic SCI in rats that was also associated with below level pain (Detloff et al., 2008). They suggest that microglial activation may be due to CCL21 or Toll-like receptor 4 signaling.

This study has raised some important questions regarding the heterogeneous nature and characterization of ependymal cells and NPCs lining the central canal. Ependymal NPCs have been described quite differently by different authors including tanycytes (Rodriguez et al., 2005), bicilliated ependymal cells (Alfaro-Cervello et al., 2012), neural stem cells (Li et al., 2006), and radial glia (Petit et al., 2011). Alfaro-Cervello and colleagues used scanning electron microscopy and immunohistochemistry to characterize ependymal cells as NPCs based on cilia counts, cell morphology, and cytoplasm content (Alfaro-Cervello et al., 2012). However, due to the diverse characteristics of the ependymal layer, it is still difficult to completely identify a NPC niche at the central canal. A detailed immunohistochemical study will be undertaken to further identify specific cell markers that differentiate these heterogeneous populations of cells and give an identification of specific function.

Overall, our study has found that early after a localized SCI, the NPC response is occurring throughout the spinal cord, the astrocyte response is localized to the level of the injury, and microglial activation extends below the lesion site. There are no changes in NPC, astrocyte, microglia, and macrophage response in the third ventricle of the brain. We suggest that NPC, and to a lesser extent, microglia are responding to signals transported through the CSF. The next step is to ascertain exactly what these signals are, and how they act on cells located distal to the injury. Several authors, including ourselves, have now suggested that spinal cord NPCs have the potential to be utilized for SCI repair (Obermair et al., 2008; Gregoire et al., 2015; Stenudd et al., 2015; Mao et al., 2016b). The findings of the current study should be considered when deciding how to manipulate specific cell populations. If spinal cord ependymal cells are reacting to a localized injury throughout the spinal cord, care should be taken when attempting to manipulate these cells *in vivo*. It is unknown at this stage whether over stimulation or increased up-regulation of NPC by a therapeutic agent will lead to abnormal or extensive cell proliferation in areas where it is not expected or wanted.
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